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spin mixture of
two lowest states
stable against
two-body decay

6Li spin mixture
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prediction: Houbiers et al., PRA 57,R1497 (1998)
precise characterization:
Bartenstein et al., PRL 94, 103201 (2005)
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apparatus



optical trap for evaporative cooling



Cs
collective modescollective modes
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and many more recent papers…

expt.expt.Duke Univ., J. Thomas group     /     Innsbruck



collective modes: elementary situation

axial

radial breathing mode

elongatedelongated trap limittrap limit (ωr >> ωz well fulfilled for all our expts.)

radial quadrupole mode

radial

pure compression mode

pure surface mode

fast

slow

compression and surface character

cylindrical symmetrycylindrical symmetry (radial trap freq. ωr),           3D harmonic potential3D harmonic potential



collective mode freq. in BEC-BCS crossover

µ ∝ nγ equation of state
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low-lying collective modes



axial mode

axial slow

compression and surface character

Bartenstein et al., PRL 92, 203201 (2004)
unitarity

confirms equation of state

5/12/ =Ω zz ω
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extremely weak damping
in resonance region !!

hint on superfluidity

extremely weak damping
in resonance region !!

hint on superfluidity



radial compression mode

radial breathing mode

compression modefast

Bartenstein et al., PRL 92, 203201 (2004)
see also Altmeyer et al., cond-mat/0611285

Altmeyer et al., PRL 98, 0404401 (2007)

Innsbruck
Kinast et al., PRL 92, 150402 (2004)

Kinast et al. PRA 70, 051401(R) (2004)

Kinast et al., PRL 94, 170404 (2005)

Duke



radial compression mode
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collisionless limitfrequency
(normalized
to sloshing
mode)

damping

hydrodynamichydrodynamic collisionlesscollisionless

Bartenstein et al.,
PRL 92, 203201 (2004)

plausible explanation:
coupling of coll. osc.

to pairing gap
C. Chin et al.,

Science 305, 1128 (2004)



radial mode

exp. data from John Thomas group at Duke Kinast et al, PRA 70, 051401 (2004)

theory:   mean field BCS à la Leggett, Nozières & Schmitt-Rink
Hu et al., PRL 93, 190403 (2004)

BEC BCS

quantum Monte Carlo, Astrakharchik et al., PRL 95, 030404 (2005)
see also Manini and Salasnich, PRA 71, 033625 (2005)



quantum Monte Carlo

Lee-Huang-Yang
correction !!!
Lee-Huang-Yang
correction !!!

BEC BCS



beyond mean field

Phys. Rev. 105, 1119 (1957)

leadingleading correctioncorrection isis positive positive 
→→ upshiftupshift of of collectivecollective--modemode frequencyfrequency in in mBECmBEC regimeregime !!

LeeLee--HuangHuang--YangYang correctioncorrection



precision measurements

sloshingsloshing modesmodes

beat reveals
trap ellipticity of ~6%

horizontal

vertical
can be measured with
~10-3 uncertainty

anharmonicity effects
in Gaussian trap potential ~2% 

suppressed to few 10-3

by normalization to sloshing mode

compressioncompression modemode
accurate determination
of frequency needs
very low damping
→ optimized cooling !



precision measurements

this t
ook us a year !



precisions measurements

BEC BCS

Altmeyer et al., PRL 98, 0404401 (2007)



temperature shift

2006
Innsbruck expts.

2004
Duke expts.

kFa ≈ 1

temperature shifts explaintemperature shifts explain
previous “agreement” of previous “agreement” of exptexpt. data with (too simple) BCS mean field theory. data with (too simple) BCS mean field theory



measurements on radial breathing mode

confirm
equation of state from quantum Monte-Carlo calculations

(including LHY correction)

rule out
simple mean-field BCS theory for crossover

precisionprecision test of test of manymany--bodybody theoriestheories !!



radial quadrupole mode

radial quadrupole mode

pure surface mode

Altmeyer et al., manuscript in preparation
(should appear on the arXiv this week)

pure test of hydrodynamics !pure test of hydrodynamics !
(mode freq. independent of eq. of state)

hydrodynamic freq.                collisionless freq.rω2 rω2



scanning the trap beam



scanning the trap beam



scanning the trap beam

time-averaged potentials:
a powerful tool for controlled trap deformations
timetime--averaged potentials:averaged potentials:
a powerful tool for controlled trap deformationsa powerful tool for controlled trap deformations



radial quadrupole mode: expectations

2

2

hydrodynamic

collisionless

BEC BCS-1/kFa

ωq/ωr

0

• how sharp is the transition ?
• does it show any structure ?
• smooth change between the two frequencies ?

?frequency



results on radial quadrupole mode
930-960G

hugehuge
downshift !downshift !

hydrodynamic

collisionless

1/kFa

frequency



results on radial quadrupole mode
930-960G

hydrodynamic

collisionless

hugehuge
downshift !downshift !

frequency

damping
rate



results on radial quadrupole mode
930-960G

standard hydrodynamic theory breaks down !standard hydrodynamic theory breaks down !

coupling of oscillations to pairing gap ?coupling of oscillations to pairing gap ?
R. Combescot and X. Leyronas, PRL 93, 138901 (2005)

hydrodynamic

collisionless

hugehuge
downshift !downshift !

frequency

theory needed !!!theory needed !!!



temperature-driven transition

at unitarity (1/kFa=0)

~0.6T~0.6TFF

~1.5T~1.5TFF
<0.1T<0.1TFF

““hydrodynamichydrodynamic
circle”circle”

temperature-driven transition from hydodyn. to coll´less
shows “normal” behavior

(for atomic BEC see Buggle et al., PRA 72, 043610 (2005))



but, temperature-dependent phenomena
widely unexplored !

zero-temperature behavior quite well investigated

exploring BEC-BCS crossover physics
in ultracold Fermi gases

what is our best experimental tool to do this ?what is our best experimental tool to do this ?



atoms in elliptic potential
aspect ratio ~ 2

sudden change of angle
of the elliptic potential

angle of elliptic cloud
oscillates

• cloud shape doesn‘t change
• qualitative difference in the oscillation
for hydrodynamic and collisionless regime

scissors modes break cylindrical
symmetry of trap !



scissors oscillation at low T

22
yx ωω +

hydrodynamic gas

single frequency oscillation



single frequency oscillation

oscillation with two frequencies

scissors oscillation at low T

yx ωω +

22
yx ωω +

hydrodynamic gas

collisionless gas

yx ωω −
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T/TF ~ 1.0

T/TF ~ 0.6

T/TF ~ 0.1

how does the transition temperature how does the transition temperature 
depend on the interaction strength ?depend on the interaction strength ?

scissors mode excellent tool to probe this!

finite temperature

hydrodynamic gas

collisionless gas

transition regime
(strong damping)



damping vs temperature

yx ωω +

22
yx ωω +

hydrodynamic

collisionless

maximum damping
in transition region

temperature parameter à la J. Thomas measured on resonance

B = 905 G



transition temperature

preliminary !

preliminary !

collisionless
atomic gas

cannot measure anything here

temperature
parameter T
measures
entropy

temperature
parameter T
measures
entropy

~



phase diagram

convert the data into a phase diagram 
using entropy calculations from K. Levin group (PRL 95, 260405 (1995))

superfluid
hydrodynamics

hydro-
dynamic

collisionless
molecular gas

collisionless
atomic gas

very preliminary !

very preliminary !

collisionless
Fermi gas



surprise

maximum damping
hydrodyn. – c´less

temperature parameter à la J. Thomas measured on resonance

B = 900 G



surprise

maximum damping
hydrodyn. – c´less

temperature parameter à la J. Thomas measured on resonance

B = 900 G

!?!?superfluid-to-normal

phase-transition ?



various B

damping feature
only observable

in a narrow B-field 
range

on BCS side of 
resonance



conclusion on surface modes

transition is not smooth!
puzzle of down-shift occuring as a precursor

hydrodynamic-to-collisionless transition
with large change of frequency

strong damping

hydrodynamic-collisionless transition
single frequency – two frequencies

temperature-induced transition:
phase diagramm for hydrodynamic behavior in crossover

striking damping peak at low temperature:
superfluid phase transition?

weak damping



Cs

6Li-40K: first results with a
Fermi-Fermi mixture of atoms
6Li-40K: first results with a

Fermi-Fermi mixture of atoms

very preliminary !
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Frederik 
Spiegelhalder

Frederik 
Spiegelhalder

Eric
Wille
Eric
Wille Clarice

Aiello
Clarice
Aiello

Eileen
Spiegelhalder

Eileen
Spiegelhalder

Gerhard
Hendl

Gerhard
Hendl

Andreas
Trenkwalder

Andreas
Trenkwalder

Gabriel
Kerner
Gabriel
Kerner

Rudi
Grimm
Rudi

GrimmFlorian
Schreck
Florian
Schreck

Devang
Naik

Devang
Naik



August 2005August 2005

plan to build a three-species
fermion machine

6Li – 40K – 87Sr

plan to build a threeplan to build a three--speciesspecies
fermion machinefermion machine

66Li Li –– 4040K K –– 8787SrSr



IQOQI Lab., 2007

Februar 2007Februar 2007



three-species oven

87Sr (7% natural)

6Li (80% enriched)

40K (7% enriched)

Strontium atomic beam

Microtubes inside



cooling laser system

Sr, 461nm: doubled diode laser 

Li, 671nm: dye laser 

K, 767nm: diode lasers 

MOT beam delivery: 



Lithium-Potassium-Strontium machine



6Li MOT:     N ~ 109 T ~ 300µK

3 mm

MOT
beams

MOT
beams

Dipole trap (100W 1075nm laser):
U ~ kB 1 mK
w ~ 60 µm

Dipole trap: N > 106

3 mm

λ/4

from MOT to dipole trap



6Li2 molecular Bose condensation

5.105

molecules

in dipole trap After 10ms time of flight:
4.3 sec evap 4.7 sec evap

PURE BEC!
5.1 sec evap4.8 sec evap



heteronuclear FF mixture !

absorption images of 6Li and 40K atoms
after 3.9 s of forced evaporative cooling at 750G

26 µK       trap depths       55 µK

estimated temperature ~2µK

6Li 40K

heteronuclear Fermiheteronuclear Fermi--Fermi mixtureFermi mixture
(stable up to the point where (stable up to the point where 66LiLi22 dimers are formed)dimers are formed)



spin relaxation

40K 6Li
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spin relaxation

40K 6Li
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preliminary
• Energy splitting @ 6 G: ~ kB 100 µK

• Energy transfer @ 60 G: ~ kB 400 µK

to the 40K atom for a mf changing collision

• Temperature: ~ 300 µK

• Trap depth: ~ 3000 µK for 40K

after 1000 ms
relaxation

@ 30 G

observation of spin relaxation



spin relaxation

40K 6Li

1/2

-3/2

-1/2

-9/2

-5/2
-7/2

Δm=+1

m m

Δm= -1

stable mixtures can be created
if one of the species is fully polarized

into the lowest state !

stable mixtures can be created
if one of the species is fully polarized

into the lowest state !
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1Li K with 3Li K with2Li K with

40K in a mixture of different states
pure spin states of 6Li prepared (optical cleaning, rf transfer)

loss resonances



further resonances

three-component mixture
of 6Li (lowest state) 
with 40K (lowest two states)

monitor 40K atom number 
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interspecies resonances !interspecies resonances !

the “famous” 40K resonance (homonuclear)the “famous” 40K resonance (homonuclear)



further resonances
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Magnetic field [G]

two-component mixture
of 6Li (lowest state) with 40K (lowest state)

narrow
interspecies resonance

narrow
interspecies resonance

157.7G

there is more there is more 
to come (soon)…to come (soon)…



preliminary conclusions on 6Li-40K

experiments in progress, right now in the lab in Innsbruck…

Fermi-Fermi mixtures available in the lab!

stable mixture if one species is in lowest state state
(otherwise spin relaxation)

sympathetic cooling of 40K by 6Li works well
at the large-a side of the Li-resonance
(at least until molecules are formed)

several interspecies resonances are observed
(40K spin states tbd)



the endthe end
funding

Land Tirol und Stadt InnsbruckLand Tirol und Stadt Innsbruck
Ludwig Wittgenstein

(1889-1951)
Austrian Philosopher
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